Abstract-This paper analyzes the current reference calculation for the control of grid-connected voltage source converters meant to operate under voltage unbalanced sags produced by grid faults. The well-known reference calculation method that allows to control the active power ripple produced by the existence of negativesequence components in the grid voltage is extensively analyzed. A type of voltage sag that produces unfeasible current reference values is identified and a possible workaround is proposed. Also, the need to compensate the power ripple produced by the filter inductance of the converter is demonstrated and an extension of the calculation method to compensate for this is introduced. The theoretical results are confirmed using simulation tools and experimental tests.
I. INTRODUCTION
V OLTAGE source converters (VSCs) are used in a number of applications ranging from low-voltage microgrid applications [1] to large VSC-HVdc power converters for offshore wind generation [2] . A VSC has been successfully used as a grid connection interface for most renewable energy sources as a doubly fed induction generator (DFIG) and permanent magnet synchronous generator (PMSG) wind turbines and photovoltaic panels. Synchronous reference frame vector control (SRFVC) is the most popular technique for the control of the VSC and has been demonstrated to provide good performance for balanced operation [3] , [4] .
Increased penetration of renewable energy in the grid has in turn led to increased interest in the development of new method- ologies for device control. One important feature is the so-called ride-through capability, which allows the device to remain connected to the grid during different types of grid disturbances and avoid the need to disconnect. Voltage sags are the most frequent type of grid disturbances. They are reductions of the voltage amplitude and are usually classified between balanced, when the reduction of the voltage is the same for each phase, and unbalanced otherwise. Balanced voltage sags are usually caused by the starting transients of large machines and three-phase short circuits. Unbalanced voltage sags are caused by single-phase or two-phase short circuits and are the most common types of sags [5] .
The ride-through capability for balanced voltage sags has been addressed in the past and has been demonstrated by introducing power reduction mechanisms to the SRFVC, as the reduction of the grid voltage causes the converter to reach its maximum allowed current, which in turn causes the voltage of the dc bus to rise due to the excess power input to the bus [6] , [7] .
On the other hand, ride-through capabilities for unbalanced voltage sags present a number of challenges. The presence of negative-sequence components in the voltage causes a ripple in the power injected to the ac grid . This causes the dc bus voltage to have a ripple, which in some cases may be critical [8] . Also, the existence of negative-sequence voltage causes negative-sequence current to appear, which needs to be controlled to reduce the ripple of the dc bus. The conventional SRFVC is designed to control positive-sequence currents and it exhibits poor performance when controlling the negative sequence [9] .
Different choices for alternative designs of the current controllers have been suggested in the past. In [10] , a current reference calculation scheme was proposed that enables suppressing the active power oscillations during unbalanced voltage sags using the conventional SRFVC with enhanced current controllers able to track a reference current signals containing both the positive and the negative sequence. In [9] , a different current control design with a double SRFVC and independent controllers for positive and negative components was introduced. In [8] and [11] , this current control is used for a coordinated control of the back-to-back converter of a DFIG turbine to enable the suppression of the machine torque and the ripple of the dc bus voltage caused by the network unbalances. In [12] , a double SRFVC using linear quadratic regulator (LQR) current controllers is proposed for the operation of a PMSG wind turbine under unbalanced voltage sags. In [13] and [14] , the coordinated control of the back-to-back converter of the DFIG using stationary frame current control with proportional-resonant controllers is proposed. The stationary frame control has also been proved to provide good performance under the unbalance operation of VSC, while simplifying the structure of the current controller [15] .
The previously mentioned works use current reference calculation methods derived from the one introduced in [10] that uses negative-sequence current injection to compensate the active power oscillations due to the presence of negative sequence in the grid voltage but did not analyze its limitations. This paper focuses on the analysis of this method and provides a critical analysis and some remarks on its limitations and important weak points, which to the best of the knowledge of the authors have not been addressed in the past. Also, modifications of this method that can be used to overcome the weaknesses of this scheme are proposed, tested in simulation, and verified using an experimental test platform.
The paper is organized as follows. The equations needed to model the ac side of the VSC inverter are obtained in Section II. These equations are then, used in Section III to analyze the steady state for balanced operation and to obtain the current reference calculation equations of the conventional vector control. In Section IV, the steady-state equations for the unbalanced operation are obtained and the current reference calculation formulas to control the power output of the converter are derived and discussed. Finally, the conclusions drawn in the previous section are tested on a simulation model in Section V and on an experimental platform in Section VI.
II. MODELING OF THE GRID-CONNECTED VSC
The basic scheme of a grid-connected VSC is presented in Fig. 1 . The purpose of the VSC is to connect a dc bus, which is fed with the power from a renewable generator to the ac grid through a switching device. As the voltage of the dc bus is desired to be constant and the ac grid usually has a low impedance, a filtering inductor is used to connect the switching device to the grid.
The equations that relate the voltage on both sides of the inductor and the current flowing through it can be written as [4] 
and
By combining these equations, the following relation between the voltage of both neutrals is obtained 
Note that (2) assumes that
To obtain the steady-state equations, it is useful to introduce the Park's variable change matrix. This matrix, for a given Park's reference angle θ, is defined as [16] T (θ) = 2 3
The qd0 reference frame representation x abc (t) of a generic x abc (t) signal in the Park reference frame with θ angle is defined as
Introducing the variable change to the system equation (4), it can be rewritten as a function of the new variables
Note that the use of the Park reference frame allows suppression of the 0 component equation, which is redundant as i l0 ≡ 0 according to (2) .
III. ANALYSIS OF THE CURRENT REFERENCE CALCULATION FOR BALANCED OPERATION
According to [17] , a generic x abc (t) three-phase positivesequence signal is a function of time that can be described as
cos ω e t + ϕ x − 2π 3
cos ω e t + ϕ x + 2π 3
By choosing dθ/dt = ω e for the Park reference angle, the transformed signal becomes a vector of constants
We define x ss q These equations can be used to solve for the current needed to have a certain steady-state power. According to [18] , active and reactive powers can be calculated using the voltage and current in the qd form as
Substitute for the grid connection point
Assuming v z d to be zero, which can be ensured by an adequate tracking of the grid voltage measure using a phase locked loop (PLL), (15) implies that active and reactive powers are proportional to i lq and i ld , respectively. This is commonly used to calculate a current reference value for the current control from a power reference signal usually generated by the dc bus voltage regulator and a reactive power command:
One drawback of this reference calculation method is that it ignores the power loss due to the resistance of the converter filter and its dynamic behavior. Thus, even having a perfect current control, the active power output of the converter P l will not be equal to the power on the grid connection point P z and the dc bus voltage regulator will need to be able to compensate for that difference. Usually, this is not a important issue as the filter resistance is small and the regulators used to control the dc bus are designed for disturbance rejection. On the other hand, one possible workaround to match the dc bus voltage regulator power command to the actual power output by the inverter in the steady state is to subtract the losses due to the filter to the active power reference value
Note that i * lq and i * ld depend on the choice of P * z . As the losses due to filter resistance will be very small in comparison with P * l , the actual solution may be close to the initial guess P * l ; thus, one possible approach is to iteratively solve for the current as
IV. ANALYSIS OF THE CURRENT REFERENCE CALCULATION FOR UNBALANCED OPERATION According to [17] , a three-phase signal with positive-and negative-sequence components can be described as
where
cos ω e t + ϕ
Unlike in the balanced case, here it is not possible to transform the time-varying signal x abc (t) into a constant signal by using the Park variable change matrix. On the other hand, it is possible to decompose the system into two decoupled systems corresponding to the positive and the negative sequences, which can be analyzed using the same procedure as in the balanced case due to the linear properties of the dynamics of the system and the symmetrical nature of its impedances [17] .
The positive-sequence magnitudes can be transformed into constant signals by choosing a Park reference angle matching the angle of the a phase of the original signal
while the negative-sequence magnitudes can be transformed into constants by choosing θ to be equal to the angle of the a phase multiplied by −1
(24) As in the balanced case, we define the steady-state components in the synchronous reference frame as
Also, as in the balanced case, the steady-state equations can be obtained from (9) by assuming the derivatives of the current to be zero:
As for the power equations (14), they include multiplications between voltage and current; thus they are not linear and it is no longer possible to separate positive and negative sequences, as there will be crossed products of terms from both. To calculate the power, the steady-state positive-and negative-sequence magnitudes are transformed to a common reference frame with θ = 0 as
where R(θ) is a rotation matrix defined as
Note that it can easily be proven that the following relation exists between T (θ) and R(θ):
The resulting equation of the active power can be written as
The reactive power expression can be written as
Unlike the balanced case, the steady-state active and reactive powers contain a constant component plus time-varying sine components with a frequency of twice the grid frequency. Also, although six power magnitudes were defined, there only exist four independent currents. Thus, it is only possible to decide the value of four of the six power terms, while the rest depend on the choice of the previous ones. In this situation, it is common to choose to constraint the value of the three components of the active power, which have a direct effect in the evolution of the dc bus voltage, and the mean value of the reactive power. Usually, the reference value for the sine components of the active power is set to be zero to avoid the ripple of the dc bus voltage during unbalanced voltage sags. However, it can also be set to match another time-varying power input as described in [11] . The equations to solve for the power on the grid connection point of the converter are
Solving to obtain the reference current for a given active and reactive power reference, the following relation is obtained
(38) As in the balanced case, this calculation neglects the difference between the active power in the grid connection point of the converter and the actual active-power output of the inverter. The active power on the inverter terminals can be written as a function of the active power output to the grid as
P l cos = P z cos + 3r l (i
Note that unlike the balanced case, the voltage drop in the inductor not only affects the mean value of the active power, which can be properly compensated by the dc bus voltage controller, but also affects the time-varying terms of the active power, which sometimes are controlled in a open-loop way by setting them to be zero.
As was suggested in the balanced case, one workaround for this problem is to iteratively solve for the current reference by correcting the active-power reference value
Finally, one important result from (38), that has not been addressed in previous works is that there exists a discontinuity that causes the reference current to become infinite when v 
where α is a parameter that allows switching between two different reference calculation methods. For α = 1, (50) becomes equivalent to (38), whereas for α = 0, the reference calculation formula becomes
This equation is equivalent to the one used for the conventional vector control meant for the balanced operation; thus, the references for the negative-sequence current are zero. From (37), it can be seen that this produces the desired mean value for the active and the reactive power but does not allow for the control of the sine time-varying terms of the active power. One important remark that can be made by comparing (51) and (38) is that, in general, in the case of the existence of negative-sequence voltages in the grid, the suppression of the active-power oscillation by injecting negative current leads to a reduction of the mean value of the active power. This in turn leads to the need of a higher positive-sequence current to maintain the mean value of the active power. Thus, in case of a voltage sag, where usually the maximum allowed current becomes an issue, (38) is more likely to have a problem extracting the needed active power to maintain the desired dc bus voltage. On the other hand, as the effect of the power oscillation on the dc bus voltage is directly related to the capacitance of the dc-side capacitor filter, this suggests that systems that use a dc-side capacitor filter with a small value of capacitance, which may be the standard practice in HVdc link systems, it may be necessary to overrate the current capability of the inverter to be able to compensate for the oscillations in the case of a network unbalance.
V. SIMULATION TESTING OF THE PROPOSED REFERENCE CALCULATION SCHEME
In order to test the performance of the proposed control methods, a simulation of the response of the system to an unbalanced voltage sag is performed. The characteristic parameters of the simulated converter and the operation point for the simulation can be found in Table I . The rating of the converter and its switching frequency is the same as the grid-side inverter of the rotor converter of the 1-MW DFIG wind turbine in [19] . The machine-side inverter has been modeled as a constant power input of 300 kW with no ripple. Thus, the power references for P lsin and P lcos will be set to zero to avoid the ripple of the dc bus voltage.
The response of the system to an unbalanced voltage sag is simulated using three different calculation methods (see Fig. 2 ). The first one, referred to as Method I, uses the formula presented in (50) for α = 0, the second one, referred to as Method II, uses the presented formula in (50) for α = 1 plus the iterative compensation of the filter impedance, and the third one, referred to as Method III, uses the same formula as that of Method II but without compensating the filter impedance.
The simulated voltage sag corresponds to a two phase to ground sag, which causes the voltage of two of the phases to drop by 65%. The waveform of the grid voltage seen by the inverter is shown in Fig. 3 and the amplitude of the positive and negative sequences as measured by the PLL used by the controller is shown in Fig. 4 . Note that this sag causes the positive sequence of the voltage to reduce to 0.36 pu and the negative sequence to appear with an amplitude of 0.30 pu; thus, the ratio between the positive-and the negative-sequence amplitudes is 1.2, which is close to 1.0, the limit of Methods II and III.
The controller used in the simulation model uses the double synchronous reference frame (DSRF) current controller described in [11] and a PLL for unbalanced voltages described in [20] . The performance specifications for both parts of the controller can be found in Table I . Fig. 5 shows the evolution of the voltage during the sag. Notice that the initial transient is the same for all the methods as expected but the steady state differs. Methods I and III produce a significant steady-state ripple; the reason for that is that Method I does not use negative sequence and Method III does not compensate the difference between the power on the grid connection point and the power on the inverter terminals. This can further be confirmed by plotting P l and P z (see Fig. 6 ). Notice that Method III allows to suppress the ripple in P z but causes an important ripple in P l , which makes the dc bus voltage to have a larger oscillation than Method I.
The evolution of the current is shown in Fig. 7 . Note that all methods require an increase of the current due to the reduction of the voltage. Also, as noted before, Methods II and III require more current than Method I even though the oscillation in Method III is larger than in Method I.
VI. EXPERIMENTAL TESTING OF THE PROPOSED REFERENCE CALCULATION SCHEME
In order to further verify the theoretical results, a test of the analyzed current reference calculation schemes is performed on an experimental platform. The test platform consists of two CDM2480 [21] low power voltage source three-phase inverters fed by two independent 24-V dc buses and connected by the ac side through a three-phase inductor (r = 0.1 Ω, L = 4.9 mH). One of the inverters, referred to as the generator grid-side inverter, is used to emulate the grid-side inverter of a gridconnected power source and inject power from its dc bus to the other inverter, referred to as the grid emulator, used to emulate the behavior of the grid. A picture and a diagram of the different parts of the experimental setup can be seen in Fig. 8 . The voltage of the terminals of the generator side inverter and the grid emulator and the current flowing through the inductors are measured and recorded using a data adquisition device.
Each inverter is controlled by a TMS320F2812 eZdsp control board, which have been programmed for the test. The grid emulator inverter is programmed to apply three-phase voltage waveforms on its ac side corresponding to those of the two phase fault used in the simulations in the previous section regardless of the current flowing through it, thus emulating the behavior of a strong grid. The grid-side converter is controlled using a DSRF closed-loop current controller able to follow unbalanced current reference values as in the simulated scenario of the previous section.
Three different tests starting from the same operation point are performed on the experimental platform using a different current reference calculation method each time. The response of the system to an unbalanced voltage sag is observed for a given reference value of the average active power injected to the grid using the three reference calculation methods referred as Method I (injecting only positive sequence current), Method II (injecting unbalanced current to suppress the active power ripple plus the effect of the filter impedance), and Method III (injecting unbalanced current to suppress the active power ripple in the point of connection of the converter to the grid). The voltage sag is chosen to resemble that of the simulated scenario of the previous section, where the amplitude of the positive sequence of the voltage is close to the value of the negative sequence of the voltage.
The evolution of the grid voltage, the current and the active power flowing through the converter and the active power injected to the grid for each scheme can be seen in Figs. 9-11. It can be seen, as expected, that all three methods obtain the desired average active-power injection during the sag requiring an increase of the current to keep the same average power output from the converter in any case. In the case of Method I, the current during the voltage sag is higher but symmetrical for each phase, whereas Methods II and III require asymmetrical currents that are not only higher than the current needed in normal operation but they are also higher than the current needed using Method I in at least one of the phases.
Regarding the power ripple, Method I produces an important ripple that is equal in the converter terminal as in the point of connection to the grid. The reason for this can be seen in (34), as the negative-sequence current is zero, the power ripple only depends on the interaction between the positive-sequence current and the negative-sequence voltage, as the negative-sequence voltage is the same in the grid as in the converter (as there is no negative-sequence current flowing through the impedance), the ripple is equal in both points.
Method III is able to compensate the ripple in the power injected to the grid but it produces an important ripple in the converter output power. By using the proposed iterative calculation to calculate the current reference to compensate for the effect of the inductor impedance, Method II is able to suppress that ripple but then a ripple appears in the power injected to the grid.
Thus, comparing the three methods, the one that requires a lower current is Method I even though as a drawback it produces a ripple in the current flowing through the converter during unbalanced faults. On the other hand, Method II has been shown to be the only method capable of suppressing the oscillations of the active power although it requires a larger current for the same average active power. Finally, Method III is unable to suppress the oscillation due to the neglection of the effect of the filter impedance of the converter. Thus, the iterative reference calculation used in Method II is needed in order to properly compensate the power ripple during unbalanced voltage sags.
VII. CONCLUSION
The injection of negative-sequence currents has been shown to suppress the oscillation on the dc bus voltage due to the oscillation of the power injected to the grid during a unbalanced voltage sag. However, compared to the standard method of injecting only the positive-sequence current, this method has been found to require larger currents to maintain the same level of average active power. For deep voltage sags, this may lead to even higher oscillations of the dc bus voltage if the effect of the ac filter impedance on the converter power output is not properly compensated and a method has been proposed to do it. Also, a special condition has been identified which makes it impossible to control the oscillating terms of the active power and a solution for the calculation of the current references in that case has been proposed.
